The assessment of new therapeutic strategies to cure surfactant associated lung disorders would greatly benefit from assay systems allowing routine evaluations of surfactant functions. We present a method to measure surfactant adsorption kinetics into interfacial air-liquid interfaces based on fluorescence microplate readers. The principle of measurement is simple, robust and reproducible: Wells of a microtiter plate contain an aqueous solution of a light absorbing agent.
INTRODUCTION
Lung surfactant is a complex mixture of phospholipids and proteins, which acts as a surface active material able to reduce the surface tension at the respiratory air-liquid interface of lungs, thus preventing collapse of the alveoli at end expiration (1) . Functional lung surfactant quickly adsorbs into the interface from the first breath and efficiently replaces surfactant "spent" during subsequent respiratory excursions. The operative surfactant film is probably more complex than a simple monolayer, as it seems to really consist of a stable surface-associated multilayer reservoir which, during the respiratory cycle, assures a highly dynamic redistribution of phospholipids and proteins from the hypophase to the interface and vice-versa (2) .
Beside constitutive disorders (3, 4) or immaturity of the lungs at birth (5), many environmental factors and pathological events can perilously impair the surfactant system and, consequently, lead to pulmonary dysfunctions (6, 7) . In particular, accidental aspirates (meconium, hydrochloric acid, etc.), airborne particles (bacteria, pollen, dust, etc.), toxins, vapors, organic molecules derived from combustions, ozone and other environmental pollutants can reach the most distal parts of the respiratory tract and contribute at a variable extent to surfactant inactivation. Additionally, the surfactant system can be further damaged by substances leaking through the capillary-epithelial barrier (in particular plasma proteins such as albumin (8) or the C-reactive protein (9) ) in response to acute lung injury, usually associated with pro-inflammatory processes (10, 11).
Nowadays, supplementation of the lungs of premature babies with an exogenous surfactant preparation has decreased the mortality and morbidity associated with the development of Infant Respiratory Distress Syndrome (IRDS) considerably (12, 13) . Most clinical surfactants currently in use, however, consist of relatively crude extracts from animal sources (14) and several attempts have been made towards the development of new, entirely synthetic human-like therapeutic surfactant preparations (15) . On the other hand, clinical surfactants available at present have proven not to be effective enough to ameliorate patients with Acute Respiratory Distress Syndrome, the major cause of mortality in critical care units (10, 16) . Finally, a growing number of pharmaceutical strategies will be considered in the future to deliver drugs directly through the lung epithelium. In this sense, use of pulmonary surfactant as a drug-delivery agent seems promising and has been tested to vehiculize antibiotics, anti-inflammatory or immunosupressive drugs (17) (18) (19) . Alterations in surfactant performance due to such therapeutical interventions would reverse the positive aspects of these otherwise clever administration strategies (i.e. a large surface area for drug uptake combined with an ultra thin barrier) and lead to an additional threat on an already compromised body. isotherms of surfactant as obtained in Langmuir balances (23) provide detailed measurements that can be correlated with potential configurations and interactions of lipid and protein molecules as organized at the air-liquid interface. The technical constrains used in these experiments, however, are usually far from relevant physiological conditions regarding temperature, appropriate surfactant concentrations and surface cycling. Surfactant can be assessed in a PBS under more physiological-like conditions (24) , being this technique probably the most used in clinical research. However, it has been shown that PBS has problems to produce accurate data on the surface behavior of surfactants at very low tensions (high surface pressures) (25) , the part of the compression-expansion isotherms where the difference between optimal and suboptimal surfactant preparations may be critical. Assessment of surfactant preparations in the CBS has produced the most reliable data under physiologically relevant conditions (26) , but requires a substantial effort in terms of data processing. All these techniques have to be applied in a regime of sample-by-sample analysis, which precludes an extensive evaluation of the multiple conditions and parameters thought to govern surfactant function.
In this paper, we present a new method to evaluate surfactant adsorption into interfacial airliquid interfaces and formation of efficient surface active films based on a fluorescence plate reader, with the capability of simultaneously following dozens of samples under physiologically relevant conditions. The principle of measurement is simple, robust and highly reproducible. The wells of a microtiter plate are filled with an aqueous solution containing a light absorbing agent which blocks any light passing into or returning from the bulk phase. Fluorescence is excited and collected from the top of the plate so that fluorescently labeled surfactant injected into the bulk solution can be only detected and quantitated once adsorbed into an interfacial film. Using standard 96-well microtiter plates a high sample throughput regime can be achieved, including continuous measurements under temperature controlled conditions. The method has been tested and validated by using fluorescently labeled phospholipids (i.e. DPPC, DPPC/POPG mixture) or surfactants of different origins (i.e. Native Surfactant from lung lavages, Lamellar Body-like Particles collected from rat Alveolar Type II cells). In contrast to methods based on pure surface tension measurement, this method gives a direct read out of the amount of surfactant reaching the interface and stably associating with the interfacial film. However, the method is not suited to report about surface tension changes upon surface compression-expansion dynamics.
Nevertheless, it easily, quickly and quantitatively accesses surfactant interfacial film formation and can be used to implement high throughput screening of substances, environmental conditions and surfactant preparations.
MATERIAL AND METHODS

Reagents and solutions
Chloroform (Chl) and methanol (MeOH), both of spectrophotometric grade, were from Sigma (Sigma-Aldrich, Germany) and CarlRoth (CarlRoth GmbH, Germany), respectively; BODIPY- 
Surfactant preparations
Multilamellar suspensions of synthetic phospholipids (DPPC or the binary mixture DPPC/POPG, 7:3 w/w) were prepared at a phospholipid concentration of 5 mg/ml, by hydrating dry lipid films in bulk solution and allowing them to swell for 1 h at 45 °C, which is above the phase transition temperature of DPPC (= 41 °C). During hydration, multilamellar liposomes were formed by mechanical shaking using a vortex.
Native Surfactant (NS) was purified from porcine lung lavages and separated from blood components by NaBr density-gradient centrifugation as previously described (8) . NS presumably contained both large and small surfactant aggregates, due to the ultracentrifugation used.
Lamellar Body-like Particles (LBPs) were collected from isolated and purified rat alveolar type II (AT II) cells cultured on 10 cm ∅ Petri dishes, which were stimulated with 100 µM ATP and 10 nM phorbol 12-myristate 13-acetate. With this kind of stimulation AT II cells release a considerable amount of their surfactant phospholipids together with the surfactant proteins A, B and C. Rat AT II cells were isolated as described elsewhere (27) . Amount of surfactants were estimated by phosphorous determination or Choline determination using a coupled enzymatic reaction as previously described (28) . Briefly, α-lecithin standards and samples were mixed with the reaction buffer containing Phospholipase D 20 U/ml, Choline Oxidase 20 U/ml, Horseradish
Peroxidase 200 U/ml, and Amplex Red 10 nM. All reagents were purchased from Invitrogen-Molecular Probes (Amplex Red Phospholipase D Assay Kit) except Phospholipase D (SigmaAldrich). Disruption of the LBPs native structure to obtain "interface-treated" LBPs has been performed by strong shaking a 3 cm petri dish containing 1 ml of the LBPs solution for 2 h at 37 °C.
Surfactant labeling
BODIPY-PC was dissolved in DMSO to yield a concentration of 1 mg/ml. Surfactant materials were adjusted to 0,5 mg/ml, except LBPs which were used at 0,015 mg/ml (LBPs were not concentrated further in order to preserve their structural integrity as much as possible). All surfactants were stained by incubation with BODIPY-PC at 37 °C for 2 h to obtain a final molar ratio of 4 % (dye/surfactant). We found that up to this concentration, BODIPY molecules are sufficiently separated from each other so that attenuation of fluorescence by homo-FRET will not occur to a significant extent (data not shown). After staining, the surfactants were diluted with the bulk solution to the final working concentration of labeled surfactant as indicated.
Multi-well plate measurements
Experiments were performed in 96-well microtiter plates (A. Hartenstein GmbH, Austria) made of transparent polystyrene. The plate reader used was a TECAN GENios Plus from TECAN GmbH Swiss (Fig. 1A ). This instrument allows control of the temperature (37 °C) and an orbital shaking of the entire plate in between single measurement during a kinetic cycle. The beam of light is aligned to the center of each well and has a measured diameter of ~2.2 mm. Therefore, the actual surface area which is monitored by the instrument is limited to the central part of the well and the signal near the meniscus is excluded. All experiments were performed in triplicates and expressed as mean ± SEM.
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Wilhelmy Balance measurements
Interfacial adsorption of surfactant samples was also followed on a Teflon-made King-Clements type of surface balance (22) , specially designed by Nima (Coventry, UK) (29). The total volume of subphase was 1.5 ml, thermostatized at the indicated temperature and continuously stirred with a 2-mm long magnetic bar. The experiments were started by injection of a small volume (typically 5-50 μl) of a given surfactant preparation into the subphase, through a oblique lateral perforation, and pressure-time kinetics were followed through continuous acquisition of surface pressure data with a Whatman #1 paper Wilhelmy plate connected to a pressure sensor. All experiments were performed in triplicates and expressed as mean ± SEM.
RESULTS
Principle of measurement and assessment of optimal working conditions
The principle of measurement ( Fig. 1B) is based on the simple idea of blocking any light going into and coming back from the bulk solution, and therefore exclusively detecting the fluorescence emitted by surface-associated fluorophores.
To achieve this configuration, we added to the bulk solution a light absorbing agent (Brilliant Black, BB) with a high molar extinction coefficient (ε) for both the emission and excitation wavelengths used to monitor BODIPY (ε 485nm = 1117,2±18,4 and ε 540nm = 3577,3±60,2 L*mol To test this principle, we aimed at using a highly fluorescent hydrophilic dye (LTG) in combination with BB. At a concentration of 5 mg/ml, BB is able to completely block the strong fluorescence of LTG coming from the bulk compartment ( Fig. 2B and C) . 5 mg/ml was found to be the optimal concentration for BB to block bulk fluorescence because at higher concentrations of this quencher, the increased density of the liquid presumably forces surfactant to move towards the interface (Fig. 2D ). Using 5 mg/ml of BB, the thickness of space inspected by the beam of light (i.e. the depth below the surface that is actually sampled) was estimated to be ~100 nm only. This value was determined experimentally by relating fluorescence intensity of a pure LTG solution with the length of the light path through this solution. Since this relation was linear (data not shown), we could use it to convert the difference in RFU measured between background (a pure 5 mg/ml BB solution) and signal (10 µM LTG dissolved in 5 mg/ml BB) into a distance. Because this difference was extremely small of black plastics, which produce less scattered light than transparent ones. RFU-bg steeply increased further until the full monolayer was formed (0,1 µg). Unexpectedly, the fluorescence continued to rise beyond this value since it is probably generated by collapsed structures still connected to the monolayer (shaking was not applied). However, this increase slowed down probably due to the deepening of the collapsed structures underneath the space inspected by the beam of light, or to the complete loss of material into the bulk where fluorescence is quenched.
Additionally, some of the material could be spread onto the plastic where it is not detectable by the instrument.
In all methods previously used for adsorption measurement (e.g. Wilhelmy Balance, CBS), the surfactant is injected into the bulk solution and forced to move towards the interface by stirring.
In our system this can be achieved by orbital shaking of the entire plate in between every singl measurement. The effect of stirring was tested by using fluorescent polystyrene beads (∅ ~2 µm; d ~1,1 g/l according to manufacturer instructions) in solution of higher or lower density, respectively. As shown in Fig. 4A , beads floating at the interface (i.e. only weakly surface associated) are easily removed from it even at short duration of the shaking. At the same time, beads with lower density than the solution sediment (this condition ought to mimic surfactant in buffer solution), but orbital shaking moves them up. From these measurements we conclude that orbital shaking is able to force even dense material to move from the bulk towards the interface and to remove weakly associated material from it. This indicates that our method is selectively detecting fluorescence coming from firmly surface-associated material only. Furthermore the amount of beads reaching the interface seems to be related to the duration of shaking.
Confirmation of these results can be seen in the experiment in replicates. Importantly, all adsorption experiments have been performed using precisely this procedure, including the temperature (37 °C) and the instrument parameters (e.g. light intensity, gain). Therefore, consistency of the method can be verified by comparing the kinetics obtained in different experiments (e.g. Fig. 4B , Fig. 5 and Fig. 6 ).
Surface adsorption of various surfactant materials and inhibitory effect of plasma proteins
The described procedure to evaluate surface adsorption of surfactant has been tested by using three different surfactant materials: DPPC and DPPC:POPG ( purified from lung lavages. DPPC, which is the major constituent of lung surfactant, showed no or only a very weak adsorption into the air-liquid interface ( Fig. 5A and D) . However, when mixed with POPG, part of the phospholipids redistributed from the bulk into the interface ( Fig.   5B and E) . Finally, NS showed a rapid adsorption into the air-liquid interface ( Fig. 5C and F) that even exceeded the RFU-bg readings for a monolayer about double fold ( Fig. 3 ; note the difference in scale of the fluorescence detected upon adsorption of surfactant as compared with that detected upon adsorption of pure lipid preparations). Surface adsorption of surfactants is a time and dose dependent process and these features can be followed either by their kinetics (Fig.   5A , B and C) or by their endpoints reached (Fig. 5D , E and F). BB, which does not show surface properties per se, i.e. it does not adsorb onto a clean interface, produces a slight reduction of the speed of adsorption of NS ( Fig. 5G and H) . Nevertheless, the kinetic of surfactant adsorption in the presence of BB is very similar when measured by fluorescence or it is detected under similar conditions by the change in surface pressure ( Fig. 5H and I) . Importantly, the surface pressure measured as an endpoint when the adsorption kinetics reached a plateau is not affected by the presence of BB.
The surfactant system can be damaged by substances leaking through the epithelial barrier (in particular, plasma proteins such as albumin (8)) in response to e.g. inflammatory processes. For the purpose to validate our system, the effect of BSA was tested on the adsorption of surfactant.
Complete inhibition of adsorption of DPPC:POPG suspensions was observed at any amounts of albumin tested, whereas a major but no total and dose dependent inhibition was detected with respect to the activity of NS (Fig. 6) .
Adsorption of LBPs
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In previous publications it has been demonstrated that LBPs, the form in which surfactant is secreted by the cells, spontaneously and rapidly adsorb into a clean air-liquid interface (30, 31) .
Quantitative confirmation of these observations can be seen in Fig. 7A where three different amounts of LBPs showed fast and dose dependent adsorption kinetics. After disrupting the native structure of LBPs by prolonged shaking in the presence of a large air-liquid interface (i.e.
"interface-treated" LBPs), they still maintained a similar kinetic though exhibiting a significant decrease in the amount of surface adsorbed material (Fig. 7B) . A comparison of adsorption kinetics of LBPs with NS at equal amounts ( Fig. 7C) demonstrates that freshly secreted pulmonary surfactant (i.e. LBPs) adsorbed much faster than purified surfactant from lung lavages (i.e. NS). Interestingly, after a first very fast adsorption LBPs seem to lack the ability to form large surface aggregates as detected by NS. Our experiments show that only protein-containing surfactant material is able to show accumulation of fluorescent material at the interface beyond the amount required to form a single monolayer, confirming that our assay not only correlates with surface tension reduction but also evaluates the capabilities of any given surfactant preparation to rapidly accumulate and sustain association of active material with the surface. The total amount of surfactant material accumulated at the surface was much higher when testing whole natural surfactant as isolated from lung lavages (NS) than in the case of LBPs obtained from type II cells. We speculate that the higher concentration of SP-A in surfactant from lavages than in LBPs, probably forming more complex or more polymorphic structures in NS, could be the factor promoting formation of multilamellar surface reservoirs. Certainly, the complementary analysis of results obtained by using surface balance measurements (strictly informing about the air-exposed side of the film) and fluorescence determinations (evaluating about formation of the whole film) will provide substantially better information when looking for surfactant structure-function correlations.
The major limitation of the assay proposed here is that it only assesses the capability of a surfactant to rapidly form a surface-associated layer, without providing direct clues of the potentials of such a film to produce low enough surface tensions when subjected to compression (14, 20) . In this sense, the complementary analysis of surfactant performance in specialized surface approaches such as those offered by PBS or CBS will be still required. However, exactly those analyses could be drastically facilitated by using our assay system to rigorously pre-screen and subsequently pre-select the desired experimental conditions and parameters. Such kind of complementary studies would also be helpful to fully confirm and validate the adsorption data from our assay system, which necessarily have to be made in the presence of a high concentration of a quencher substance that, eventually, may interact with some molecules of interest and thus create a non physiological condition in some circumstances.
A definitive, so far unavailable, advantage of the method proposed here to evaluate surfactant film formation in a multi-sample regime, is in our opinion its potential to be used as a base to (at any shaking intensity) were not able to adsorb into the interface at all. 
